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ABSTRACT 


A precise short-range relative navigation system has been 
proposed to provide repeatable position-determining capability 
of uniform accuracy over the entire area of coverage. It is 
a continuous-wave phase comparison system, which derives 
range information from the change in phase between stable 
oscillators as the distance between them is varied. The 
transmitters and their associated controls were deSigned to 
implement a prototype system. Considerations necessary in 
the development of the system receiver are discussed based 


on tests conducted on the transmitters. 
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I. SYSTEM DESCRIPTION 
ee EN 


This thesis describes a passive accurate Short-range 
navigation system similar to that which was first proposed 
by Lieutenant Dean, RCN, and further developed by Lieutenant 
Thomas, USN, [Refs. 1 and Zale the deena was primarily 
designed for precise local control of small surface vessels, 
but might be developed to cope with several short-range 
navigation problems. It is capable of uniformly precise 
fixes over the entire area of coverage with excellent 
repeatable position-determining Capability. 

The basic system consists of a Control Radio Transmit- 
ter, two or more Reflex Radio Transmitters in fixe@mllocas — 
tions, and a Mobile Radio Receiver. Bach unit is Controlled 
by its own stable oscillator. See Figure 1.1. The 
transmitters operate in a time-share mode at a single 
continuous-wave frequency. The Mobile Receiver Sequentially 
monitors the transmitter and utilizes phase comparison of the 
transmitted signal and its own Stable oscillator to determine 
the change of range from each transmitter. Each measurement 
yields a circular line of poSition representing points of 
equal phase, hence equal range about each transmitter. The 
distance between consecutive circles depends on the ve locaiiy 
of electro-magnetic propagation and the frequency son taanc= 
mission. For example: using the Velocity er iran as sa 
meters per microsecond (us), at a frequency of 2.0 megahertz 


(MHz), each cycle represents a time lapse of 0.5 seconds or a 
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Figure 1.1. System Block Diagram 
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range interval between consecutive cycles of 150 meters. 
Ideally the transmitters would be placed such that the 
circular lines of position intersect at large angles over the 
intended area of coverage. See Fig. 1.2. 

Since range measurement in this™s'ystemess based” onwa 
phase comparison of two very stable oscillators, let it be 
assumed that these oscillators have no frequency error. Of 
course this is invalid, but the assumption will facilitate 
a description of the system. The signal of one oscillator 
transmitted to the other oscillator over a finite distance 
requires a finite time and is evidenced by an apparent change 
of phase of the transmitted signal proportional to the dis- 
tance transmitted. The relative phase of the transmitted 
Signal will be a constant at any point in space if the 
velocity of propagation is constant. ° If phase comparison 
of the two oscillators were continuous and no phase change 
occurred over a period of time, it could be deduced that the 
distance between them had not changed. Conversely, if an 
increase or decrease of phase (A@) had occurred, the deduc- 
tion would be that the oscillators had moved A® cycles 
towards or away, respectively, from each other. 

Note that no knowledge of original or final total phase 
between oscillators is available or necessary to determine 


1? *- : ‘ . ‘ 
For a discussion of frequency errors associated with 


stable oscillators and variations in propagation velocity 
rerer tO paragraphs A. and F. of %ectven Im. 
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Emeure) 2) Transmitter Location 


change of range. Of course, 1f phase difference is obtained 
at a reference position, subsequent measures of change of 
range can be projected to obtain present position. 

Note also that phase is an ambiguous measurement, 
repeating every cycle. If continuous tracking of the oscil- 
lators is not possible, an ambiguity exists when more than 
one cycle can be traversed between measurements. This prob- 
lem can be minimized by reducing the time between measure- 
ments, increasing the wavelength of the compared signals, 
or projecting an estimate of position based on relative 
velocity. 
| The Control Transmitter is the heart of this system 
providing the stability reference upon which all measure- 
ments are based. Its oscillator must, therefore, be as 
stable as is available to the system. The Reflex Trans- 
mitters and the Mobile Receiver, though phase locked and 
phase corrected respectively to the Control Oscillator, must 
imeasufficiently stable oscillatons toyallew shor t= remem 
navigation during a temporary loss of signal from the Control 
Transmitter. 

Each transmitter alternately sends an unmodulated 
continuous-wave signal mean its portwen of the »tranemart 
cycle. The transmitted signal of the Control Transmitter is 
precisely controlled in phase by its own oscillator. While 
the Control Transmitter is sending, the Reflex Transmitters 
phase lock their oscillators to the phase established by the 


very stable Control Oscillator. With the transmitters 


LS 


broadcasting sequentially on the same frequency, spectrum 
is conserved and the receiver can remain tuned to the fixed 
system frequency. Transmitter identification is by signal 
duration, with the on/off keying controlled by a digital 
count of its own oscillator cycles. With stable clocks 
available at each transmitter, once each on/off cycle has 
been set no additional coordination need by provided. 

The Mobile Receiver passively monitors the transmitters 
in sequence during the transmit cycle. The phase of its 
own stable oscillator is compared to that of each received 
Signal. The received signals are of the same form as the 
transmitted signals except for the delay in passing from the 
transmitters to the Mobile Receiver. Changes in distance 
between the Mobile Receiver and each transmitter are manifest 
by changes in the apparent phase of the received signals. 
Measurement of change in phase and time rate of change thus 
provide measures of change of range and velocity of the 
Mobile Receiver relative to each transmitter. 

The accuracy of a navigation system such as this depends 
primarily on the relative frequency stability of the oscil- 
lators used in the Control Transmitter and the Mobile 
Receiver. If the oscillators had a frequency offset of 2 
Parts im 10, the receiver would accumulate Grror at the 


rate of about 22 meters per hour.* This means that unless 


2 These figures represent the values obtained by Dean dur- 
ing system stability tests using two Sulzer Model D-5 
oscillators. 
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the Receiver Oscillator can be periodically compared to the 
Control Oscillator or unless much better oscillators are 
available, severe degradation in system accuracy results 

in a short time. 

If this navigation system consists of three or more 
transmitters, the Mobile Receiver Oscillator can be corrected 
for any initial phase offset or slow oscillator drift. This 
is possible because all of the transmitters are phase locked 
to the Control Oscillator, and any offset present in the 
Receiver Oscillator results in a constant offset present in 
each phase measurement. With offset present, when a position 
determination (fix) is made, three arcs of position will form 
a triangle [Ref. 3]. See Fig. 1.3. Having a triangle, 
identical incremental corrections can be applied to each 
measurement until all the arcs pass through a common point. 
This common point is the unique convergence point which would 
have been obtained without phase offset. Furthermore, the 
total correction applied is precisely the amount of phase 
offset between the Mobile Oscillator and the Control Oscil- 
lator. An analytical development of this technique is 
presented in Section III. 

Note that with the Reflex!Oscillators phase-locked and the 
Mebile Receiver Oscillator corrected to the Control @scqii- 
lator during each transmit measurement cycle, the long-term 
system accuracy is dependent only on the stability of the 
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Figure 1.3. Mobile Receiver Phase Correction 
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Of course, any number of Mobile Receivers can make use 
of the system simultaneously without coordination and each 


remain entirely in a passive electronic configuration. 
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fe eeSYSTEM DESIGN 

The system design basically follows the multi-transmitter, 
time-multiplexed, frequency-locked system recommended by 
Thomas with integrated circuits used wherever practicable. 

A very accurate frequency standard with good long-term 
stability is used in the Control Transmitter as the system 
reference. The output signal of Control Transmitter is 
phase stabilized by a feedback loop to this Control Oscil- 
lator. This is necessary to minimize the effects of temper- 
ature or component change on the output signal. 

In the Reflex Transmitter this same feedback control is 
used and the addition of a receiver allows its stable oscil- 
lator to be phase locked to the Control Oscillator. Of 
course, this method can be used with as many Reflex Trans- 
mitters as may be necessary in establishing a local naviga- 
tion system. Several advantages to this method seem obvious. 
All the transmitters operate at le the same frequency. 
The offset of the Mobile Receiver Oscillator is the same with 
respect to all the transmitters and thus can be corrected. 
The use of a highly stable atomic standard becomes econom- 
ically feasible in the establishment of a single Control 


Oscillator (Thisessubgeat igedrscuseed im Sectiem Ii) 
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Every receiver has inherently a clock stable to within a 
few microsecords a day to provide control whenever accurate 
timing might be required. 

In the prototype system designed for this feasibility 
study, a 2.0-MHz signal seemed desirable for several reasonse 
It lies near the top of the frequencies allocated for radio 
navigation [Ref. 4]. It is easily obtainable from most 
frequency standards available for this application. It 
is above the AM broadcast band, yet the wavelength allows 
the possibility of physically short antenna. At this fre- 
quency, stable ground waves can be expected for the range 
of the system, 30 to 50 miles. Also, this wavelength allows 
wide enough lanes that ambiguities can be dealt with for 
normal ships speeds and yet narrow enough that resolution 
to a few meters is not unrealistic. 

i “eercrol Fransmre ter 

The Control Transmitter, as Shown in Fig. 2.1, uses 
a 2.0-MHz voltage-controlled oscillator (VCO), with phase 
Stag tye provided by da 5.0-MHz=oulzer Model D=-5™0scillavcer 
[Ref. 5}. The 5.0-MHz output from the Sulzer is fed into a 
synchronous digital divide-by-five SCL where pulse 
propagation delay is minimized [Ref. 6]. The 2.0-MHz output 
from the transmitter is similarly divided by two. Both 
1.0-MHz waveforms are compared in a phase detector, such as 
discussed in Section III. A de output control. voltage is 
produced proportional to the difference in phase between 


the two signals. This dc voltage level is applied to 
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semi-conductor voltage-variable Capacitors (Varicapss ean 
LC network of the VCO to stabilize the the output frequency 
to the Control Oscillator and minimize variable effects on 
the transmitted signal. The VCO provides signal power to 
the transistor transmitter. Phase comparison might be done 
at any frequency, but it was convenient to use the highest 
common divisor of 2.0 MHz and 5.0 MHz Figures 2.2 and 2.3 
show a control schematic and the assembled Control Card with 
dividing circuits, phase comparator and VCO. i 
Figure 2.4 shows the transmitter driver, final amplifier 
and method used in keying the lial on on and off. The 
transmitter uses high-frequency Silicon transistors operated 
Class C to improve efficiency. A lamp, which is normally 
aut ed during operation, was installed to protect the 
thamsistoss during mnatial tuning. 
The low output impedance of the final transistor is 
matched to : 6-ohm load (the antenna discussed in Section 
IV) using a double-pie network with a designed Q of twenty. 
Actual keying of the transmitter 1s accomplished by 
keeping the minal anp li Lvwer and driver on a tfloataung ground: 
Fo, tums the | the floating ground is shorted to 
true ground. The transmitter schematic of Pal 2.4 was 
built on one Transmitter Card as shown assembled in Fig. 2.5. 
Timing of the transmitter keying 1s accomplished by logic 
Circuits. A 1.0-MHz signal, derived from the stable oscil- 
lator, is fed into a counting mechanism consisting of 24 


bestable mulsttivibrators (flep=thopsye The flip-flops divide 
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Transmitter Control Card Components List 





Component Value 
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Table II 


Transmitter Driver and Final Amplifier Components List 





Component Value 

Rl f2,000.% 

R2 By00'0' 82 
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R5 Bio. i 
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G2 hod ae 
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Cé SoueroOO pf 
Oe S03 sf 
C8 ON fee tlt 
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the 1.0-MHz signal by 2°* (16,777,216) and provide "0" and 
"1" logic-level output signals. Using various combinations 
of the flip-flop outputs the on/off cycle of the transmitters 
is controlled as shown on the Clock Card logic diagram, 

Big. 2.6. The transmitter is turned off with a "1" logic- 
level signal either from the 24th flip-flop or from a | 
combination of flip-flop outputs. The combination of outputs 
used to turn off the Control Transmitter can be described as 
[(20+21) +22] ° 23+24. Standard logic notation is used where 


"+" represents "or" and "+" represents "and" [Ref. 7]. The 
@Gontrol Transmitter then 1s off for 11,007 04eMeotimes and on 
mor 5,767,168 counts.  Atea Coumceing ratesof 1.0°MHzZ this 
gives directly the duration of the on and off cycle in 
microseconds. The Reflex Transmitters are similarly keyed 
Pith One station using the combination (21-22-23) + 24, on 
5.242880 seconds and off 11.534336 seconds, and the other 
station using the combination 23+24, on 4.194304 seconds 
and off 12.582912 seconds. The time when all transmitters 
are off, 1.572864 seconds, 1s more than adequate separation 
Foetwean Stations. For example: Suppose one transmitter 
commences transmission 500 milliseconds after another shuts 
Beet. Burthen, suppose the transmitters are 50 miles (309 us) 
apart. In this case, the transmitters would have to drift 
in opposite directions 499,691 cycles before foldover could 
result. — THRiSmamount “otmdattt weld nave previously rendered 
the system inoperative. In practice, the reflex station 


clocks were started by hand with any audible gap between 
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Front View 





Rear View 
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signals providing adequate separation. Of course, other 
egic cGompinattens could) be used i where sthesinumber et 
stations being used and the relative velocity of the mobile 
receiver are just two of ree that would be 
made. Figure 2.7 shows the front and rear views of an 
assembled Clock Card using Fairchild "Micrologic" Integrated 
Circulitss 

Zz Reflex Transmitters 

The Reflex Transmitters uae the same Control and 
Transmitter Cards shown in Figs. 2.3 and 2.5, thus allowing 
complete interchange of these cards in all transmitters. 
Since signal duration provides transmitter identification, 
each transmitter in the system has a unique Clock Card wir- 
Paar Interenaetna Clock Cards similarly interchanges 
ee Rates den Mbe ication: 

The Reflex Transmitter has a receiver and oscillator 
control system shown in block diagram in Fig. 2.8 and 
schematicala TE LO ete . 

As in the transmitter, on/off control timing of the 
Reflex Receiver 1s provided by 1ts associated Clock Card 
so that only the Control Transmitter signal is received. 
The received signal 1s divided by two and phase compared to 
a 1.0-MHz demise es Oe of the Reflex Oscillator. After the 
received ™Ssignalerrom the Control Transmitter has achieved 
“a oxdeell threshold, one series of 64.0-MHZ pulses is gated 


by the output of the phase comparator into a five-bit shift 


register. The threshold detector only insures that noise. 
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Table Iil 
| RefSemgReceiver amd Oscillatowmeontrol 


Card Components List 








Component Value Component Value 
Ri ISe7,0C0. % er -QO1 4h 
R» 27,000 & eA 1600 pf 
ee 100,000 & G; 200 pf 
Ry, 33, 00G2 Ca -— 
ee 1,800 & Cs 2,000 pf 
Re MO 8 cre a 
7 Same fy Gz 30 
e 20,000 2 Cc 5 pf 
Rog 17100082 Cog 540 pf 
yo 220 2 Cio 250 pf 
Ril 1,2@0 & Cit Woo 
ae 200,000 2 Cio 10 pf 
oe 6,800 2 Ci3 25 pf 
Ri« 600 8 D) IN4009 
Ri 5 eS i, 3Niag 
Rié 300 2 Nag 2N708 
Ri7 8,000 2 T 3 2N3705 
Ri 8 Am OOO 82 
Rig ge, 0G0 & 
R20 L000 SM 
Rai ~ 500 & 
IF AMP ere 3012 
BUF AMP MC 788 
PHASE COMP. MC 724 
THRES. DET®S RCA 914 
7 3 MC 790 
SHIFT REG. MC 1013D ~ 
NAND MC 724 
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Figure 2.10. Reflex Receiver and Oscillator Control Card 


So 


does not prematurely clear the shift register. The outpue 
of the shift register is converted to an analog dc voltage 
which 1S fed™e@e a ~aricap In the Retilex Osci Mor providing 
frequency control and completing the feedback phase-lock 
loops 

Note that.a count of 9 or 41 pulses in the short 
shiee register is @ntirely equivalent. @his iSmatljenteme1on— 
al device used to remove the ambiguity which results in 
dividing the 2.0-MHz received signal by two prior to phase 
comparison. 

Since the shift register is cleared only when the 
Control Transmitter Signal has reached a preset level, the 
last reading is held. Ailkenoden the digital to analog 
Seiber sien is nonlinear, it is monotonic and provided good 
frequency control on the Sulzer oscillators used. 

As indicated earlier, in the event of loss of the 
Control Transmitter all the Reflex Transmitters would continue 
to function within the stability provided by their i 
oscillators. Figure 2.10 shows the Reflex Receiver and 
Oscillator Control Card. 

3. Mobile Pecemecte 

The design, development, and test of the Mobile 
Receiver was the basis of a thesis by Thomas and is briefly 
discussed here to provide background and continuity. Figure 
2.11 shows a Ag8ck diagram of this receiver. 

Th remaroue the design and development of this 


receiver the all-important concern was phase stability, with 
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selectivity and sensitivity desirable but ‘secondary. A 
certain phase shift through the receiver circuits was expect- 
ed, and if constant could be corrected while at a reference 
position. The problem was change in frequency with age, 
temperature, and physical shock. It is here that phase 
stability and selectivity were at odds. The narrower the 
bandwidth, the more rapideeie phase change with a change in 
frequency brought about by the above conditions. 

The problem was circumvented by developing a Receiver 
Phase Test Circuit shown in Fig. 2.12. The test VCO output 
was connected directly to the primary of the antenna coil. 
- Any resulting phase output was due entirely to the phase 
shift.in the receiver circuits. Periodically conducting the 
a the receiver provided the internal phase shift 
ee and allowed correction to the total phase readout. 

The i circuit appeared to be successful in trials 
conducted by Thomas and led to the recommendation of addi - 
tional filtering and amplification to improve signal es 
tivity. As designed the signal sensitivity of the receiver 
was limited to about 25 uV with very low dynamic range. Of 
course, it must be kept in mind that the test circuit ces 
quires that changes pieminias os small over the period of, time 
between tests and that cascading filters increases the 
possibility of ae aizaeer a tes of phase change. Though the 
test circuit was able to provide corrections for internal 
phase shifts due to the receiver circuit components, it could 


Met Gelomnune. relative sose Mlatenmotrscet. 
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For a detailed discussion of this receiver, the tests 
conducted, and the results obtained, the reader is referred 
to the thesis by Thomas. Figure 2.13 shows the assembled 
receiver. 

Recommendations for the improvement of this receiver, 


based upon the performance obtained in the transmitters and 


Reflex Receiver, are discussed in Section V. 


lie. ei EQREGLCAL ASPEGEIS 


This SCetion 1s devoted to defining amd discussing seme 
- of the factors which affect the accuracy of the proposed 


navigation system. 


A. FREQUENCY ERROR 
Frequency error is defined as the difference between the 
— frequency (as compared to a primary standard) and the 
nominal frequency. The contributing factors are termed off- 
set, drift, and deviation. 
l. Offset 
Frequency offset (q) between mnieatianl oscillators 
means they operate at fixed frequencies and maintain a 
Sect cat usually small, Separation. With one oscillator 
offset from the other, phase accumulates at a constant rate. 
See Fig. 3.1. 
In the laboratory, frequency offset can be measured 
by a direct-reading frequency-difference meter or by measur- 


ing and recording the phase difference between two frequency 
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sources over an extended period of time with a linear phase/ 


time comparator and ‘recorder [{Ref. 8]. 
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Figure 3.1. Frequency Offset 


Since offset rate can be calibrated, this portion of 
accumulated phase can be predicted and applied to a phase 
reading aS a correction. This correction 1s theoretically 
always needed. 

2. Bee rrr 

Frequency drift (8) can be considered as a rate of 
change of offset. This means that the frequency difference 
between oscillators changes with time. An inherent charac- 
teristic of crystal oscillators is that after a stabilization 
period they have nearly a constant rate of increase of 
resonant frequency with age. See Fig. 3.2. The calibration 


of 8 requires much more time (usually » 10 days) than the 


\ 
Af _ 
STRAIGHT 
LINE PARABOLA 
t 
Pegt~e: 3,.2,8 Frequency Dratt 

calibration of a (hundreds of seconds) to obtain comparable 
accuracy. The results, however, can aiso be applied to the 


A6 


phaseasmeasurementss tos redtice ,c®ror.1t. ismeossible wee 
obtain crystal oscillators with similar aging rates and mini- 
mize this component of error in comparison. 
3. Deviation 
Frequeneyedeviatrem attempts to deseribe thememsper-— 
Sion of frequency about a mean value. Since Af = dA@/dt, 


phase deviation is similarly dispersed about a mean. See 


Puce, 3.3. This componentmof errerecan bemeauscd@y 
N 7X 
ee AQ, 
| | 
! | 
: | ri 
a zs a = = | a : = = 
le i. 
Figure 3.3. Frequency Deviation 


temperature or magnetic field variations in Cesium-beam or 
GQWestz-crystal esciblaterssand budfereqasevamisat lonsmain 
Rubidium-vapor oscillators. This error cannot be predicted 
and can only be calibrated in a statistical sense. It 
adversely and directly affects system accuracy and must be 


Minimized. 


B. CALIBRATION ERROR 

This is the error which results if the system oscillators 
are calibrated to a frequency other than the nominal system 
frequency. 

The proposed navigation system is based on the ability 
to compare two oscillators at a nominal frequency and convert 
change of phase measurement (A%) into change of range (AR); 


1.e., AR = KA¢, where K is the velocity of electromagnetic 
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propagation divided by the nominal frequency and conversion 
unit constants. For example: if the nominal system fre- 
quency is 2.0 MHz and A® = 180°, then AR should equal 75 
meters. However, if the system oscillators were improperly 
calibrated and the transmitted frequency were 2.1 MHz AR 
would be 71.43 meters. This type of error is only mentioned 
and will not be analyzed since Significant calibration error 


would indieatre =sotabwe oscillator ’ifameurce 


Gea HeNG—-TERMSeSTABLEILTY 

The expression "long-term stability" 1S meant to describe 
the slow overall trend in the value of the output frequency 
with time due to secular changes in the resonator, with the 
assumption that environmental .parameters are constant. In 
practice this instability is expressed in terms of Root- 
Mean-Square (RMS) Fractional Frequency Deviation (fractional 
pallets WerPunit ef time). For atomvemstandards; the day-toee 


day variations about the average may be on the order of a 


— 


‘, but there may be no discernible trend of 


few parts in 10 
the average frequency, The day-to-day variations are 
usually smaller for a good quality crystal standard, but 


there will be a definite and regular trend in the average 


output frequency. 


D. SHR TERM SPABLE LLY 
The notion intended to be conveyed by the expression 
"short-term stability" is quite different than the similar 


sounding long-term Stability. Whereas the latter describes 
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auerend, the is 1s meant to characterize the statistical 
paepenh ey sOLethes ft imetuationssangthe output frequency. A 
definition of short-term stability is perhaps best made by 
describing how it can be measured. For example: Using a 
standard averaging time of one second, a sequence of one- 
second measurements of the frequency difference between two 
identical oscillators will yield values scattered about some 
mean. Short-term stability then, is the RMS, or standard 
deviation about the mean of the values in this sequence of 
measurements. To be meaningful, a statement of the aver- 
aging time must be included. The longer the averaging time 
used, the more the deviation is obscured since the average 
must approach the mean or nominal output frequency in the 
long run. A complete picture is given when an indication 
of how short-term stability behaves over a range of aver- 
aging times is presented. 

In the proposed navigation system, due to the integrating 
nature of the system receivers, long-term stability is of 
primary importance. Both terms are defined here only to 


provide completeness. 


me. SELECTION OF A FREQUENCY STANDARD 

At the present time, the four types of frequency standards 
in common use are: the atomic hydrogen maser, the Cesium 
atomic beam controlled oscillator, the Rubidium gas cell 
controlled oscillator, and the quartz crystal oscillator. Of 
these four, the first two are referred to as primary standards 


and the last two as secondary frequency standards. The 
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distinction is that the primary standard does not require 
any other reference for calibration, whereas the secondary 
standard requires calibrations both during manufacture and 
use, at certain intervals depending upon the stability 
required. Table IV, which was obtained from Ref. 9, gives 
a summary of the advantages and limitations for these four 
types of frequency standards | 

probably the most important trade-offs in the selection 
of a frequency standard for a navigation system are the 
price versus long-term stability and, of course, the latter's 
effect on RMS error accumulation. Figure 3.4 shows, in 
graphic form, the price ranges for present day atomic and 
crystal frequency standards according to the long-term 
stability performance expected and the resultant error 


accumulation. 


F. VARIATIONS IN PROPAGATION VELOCITY 

Although the effects of variations of the speed of light 
on the phase Stability of meme proposed system have not been 
thoroughly investigated, due to the wavelength used’ and the 
metatively short nearly all over-water@parh of propagation 
intended, these variations are not expected to introduce 


Smonificant errors. 


Ge. PHASE MEASUREMENT 
The technique of phase measurement used in this system 
distinguishes between positive and negative changes in 


phase over a full 360° of phase change. This technique uses 


Sul: 


RMS Error Acctmulation (Meters/Hour} 
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the positive-going zero-crossings of the two signals being 
compared to set and reset a bistable multivibrator (flip- 
flop). One signal sets the flip-flop to one stable state and 
the other signal resets the flip-flop to the other stable 
State. The portion of time the flip-flop is in a given state 
is an unambiguous measure of the phase difference between the 
two signals. The phase resolution of this method is limited 
by the speed of the zero-crossing detectors (Schmitt trig- 
gers). Of course, a blind spot does exist as the two signals 
cross zero together. However, this blind spot has been made 


to obscure less than a degree of phase. 


H. PHASE-LOCKED LOOPS 

Phase-locked loops in both the transmitters and the 
receivers are used to maintain phase stability exclusive of 
changes in components in the linear circuitry. This is 
complete in the transmitter where signal levels are high 
enough to assure positive control. In the receivers, how- 
ever, not all of the linear circuitry can be included in 
phase-locked loops without severe degradation of receiver 
sensitivity. 

The signal intended for the receiver has a bandwidth of 
only a few Hertz. None the less, narrow filters and high 
Q tuned circuits ou tbe “Phe phase-locked loop could cause 
severe phase eas eaatl with any frequency change. Even 
though the ‘signal received is .very frequency constant, 
changes in ponents values in the receiver may cause tuning 


and corresponding phase changes. 
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The design of a tuned radio-frequency amp .ifier providing 
a low noise figure without phase distortion over a small 
operating frequency range is necessary for a successful 
system. The use of a broadband cascade alae Followed 
by a crystal filter within a phase-lock loop seemed to meet 


these requires as applied to the immobile Reflex Receivers. 


l eRe LECBRON IE RROR 

Due to the finite propagation velocity of electromagnetic 
waves, a Ran Geued wave, having a longer path length, will 
always have a longer transmission time than a direct wave. 
If the directed wave and the reflected wave are both re- 
ceived, they will add as phasors as Shown in Fig. 3.5. The 
receiver phase detector 1S quite amplitude levei insensitive, 


so the magnitude of the composite signal received, |E le 


uF 
of no concern as long as it can be detected. Note, however, 
that the phase of the received signal, %, is a function of: 
direct signal magnitude, |E;|; reflected signal magnitude, 
Eo!; and the additional pathlength, L. If the magnitude of 
the reflected wave is much smaller than that of the direct 
'wave, |E2| <- |E\|, then the phase distortion 1s negligible. 
“te the magnitude of the reflected wave approaches the 
magnitude of the direct wave, |Ez| > |E:j| , consider the 
worst-case situation where the relative phase of the received 
wave phasors approaches quadrature, 9 = 90°. For an allow- 


O 4 , > 4 
able phase error of 15°, corresponding to a navigation error 


Of about 6.25 metemgs gat 2.0 MHz, \E a | must be constrained 


94 





|B. | 

E, = |£,|cos wot @.1) 

E2 = |E2|cos (wt + @) (222) 

ER = Ea ae Hye 

ead een POBE |e | [27> [roterceale))) os Cl sete | Sali ji 
(23 ) 
| » |E2|sin 0 
cos [wt + tan a 


(pcre ce: 
|E,|+|E2|cos @ 


Equations 3.1 and 3.2 describe the electric field phasors 
of the direct and reflected components of the received 


electric field phasor described in Eq. 3.3. 


Figure 3.5. Phasor Diagram of Received Signal 


>) 


such that |Ei|/|Ez| > 4. Where |E.|/|E.| x 3, the maximum 
error would be about 8.4 meters. noe that this error is 
not cumulative; errors in subsequent measurements are equally 
affected by reflection but not by previous measurements. 
Tee yaverret Tectrons 

This navigation system is designed to use a resonant 
vertical whip antenna providing a vertically polarized 
radiated wave, with a radiation pattern shaped like the 
woop Nall of a HeeTeoncary oriented donut. The pattern can 
be described by Equation 3.4, 
a (3.4) 


a Sing } dec l i 90 


OLA 


where a 1s the angle off the vertical, D is the radial 
distance from the antenna, and K 18S a constant antenna 
Ppatrame@er. 

A sky wave reflection, which can occur from any of 
several ionospheric layers, produces an electric field 


phasor expressible as, 


Dali K 
Ep = R( 0,0 ) Hp sino. 


. (3.5) 


The parameter K is still, constant and DR, is the total 
distance travelled by the reflected wave. R(p,a) is a 
HEEWectLt1on Lactor "< 1 ) which is a Eunction of the normal 
reflection coefficient, 9 , and the angle of incidence, a 
Veer otto On@aoiemc ws considered a refleccing surface 
parallel to the earth's surface resulting in angles of 


incidence and reflection that are equal to the angle off the 


vertical for a given ray. 
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Continuing the worst-case analysis to obtain an expression 
for the |Ei|/|E2| ratio as a function of the direct distance, 
D, between the transmitter and receiver, let h represent 
the lowest effective height of the ionosphere. Then Dp 1s 


expressed as 


2h 
De ~ cosa ° (3.6) 





Equation 3.5 then becomes 


—_ R(90,a ) K sina cosa 
ER ae” - oO. a (3. Say 


Using equation 3.4, the direct Signal at the receiver is 


given by 

K 2 
and setting a= 0 to maximize Ep the direct distance 
1s given as D = 2h tana . Hence the direct Signal at the 


receiver becomes 


= Kae 4 
jer =~ s cana (3. 4b) 
and equation 3.5a yieids the reflected signal at the 
receiver as 
ee 
\E, | _ R(p,a ) K*sin*a cosa (3.5b) 
2h 
Heemally, by @combining equations 3.4b¥and 3.55 
1 
= = (eee 
Ry (Ome) sao 
Approximate values of R(1l,a) obtained from Ref. 4 were 
used to plot |E.i|/|E2| as a function of D and a. Fig- 


ure 3.6 shows the results of this worst-case analysis and the 


limiting condition where R= ll. 
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The term R(o,a) can be further specified as a function 
Cf eheowlomEZet=Toneleyelm@biiENse vera neonsi Stentamathematical 
models have been tried based on different measured data. 
The difficulty seems to be that R is an anomalous para- 
meter. For this navigation system, if the maximum ratio is 
Specified as 4, then the phase error due to sky reflections 
Will be 6.25 meters out to ranges of at least 63 kilometers 
(32 nautical miles). 

2. Objeeraket lecrrons 

The same argument about the |E:|/|E2| ratio holds 

for the case where part of the received signal is reflected 
From an object such as a ship, airplane, or coastline. This 
type of interference was investigated by Palmer during a 


study of Loran B [Ref. 10]. 


See EFEFECTS OF NOISE 

Since the receivers employ narrow-band quartz-crystal 
filters, they are in effect correlation detectors for all 
-Sine-wave Signals in the passband. Therefore, because the 
receivers integrate the signals over many cycles, noise 
does not affect the phase measurement and the signal-to- 
noise ratio can be less than one. This allows the trans- 
mitters to operate at very low power levels with no 


degradation of service. 


K. ERROR ANALYSIS 
The errors affecting this navigation system are divided 
into three broad categories; random errors, systematic 


CLEOrES 7 ane Mmi_Stanes> OF fC runders. 
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ie Rano inc & Olas € 

Random errors are unpredictable in magnitude and 
sign and are governed by the laws of probability. For 
practical purposes, these errors will be'considered to fall 
on either side of an arithmetic mean value, and are plotted 
as bands of tolerance, ¢« , about a measured range. 

a. Single Line of Position 

Given a Measured Tange witpnea colerance™ t 


the actual position is bound by a- band of width 2€ . See 


Source Ze 





we te, ee 
Figure 3.7. Single Line of Position 


b. Double Lines of Position 
Given two range measures and assuming that the 
errors are independent, uncorrelated, the greatest position 
deviation, 6°, from the intersection of the lines of position 


1s given by 


a 


a‘+b*“+2Z2ab cosé , (3.8) 


6 = 


Ee: E 
where \je|. = gapue Oldigglbl =as@e-5- - Ingvector form 
Equation 3.8 can be expressed as 6 =a+b. See Fig. 3.8. 


In the special case where e€ * £2 the greatest position 
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Douce ee 
~/ LOB, 
Figure 3.8. Double Lines of Position 


deviation becomes: 


2€ cos$ 


° = “gine ° ila?) 


Typical maximum position error iS expressed as: 


ay 2 (3. Lop 


largest 


Table V shows typical values of 6 when €)1 = €2. 


Tablet V 


Position Deviation 


go” 70° | 60° 50 atid? aso? | 20° |10° 5~ 92 
1.4e 1.6 |1.7¢12.0e]2.4¢]2.9 3.9615 2c lle! 23a! o 


Mote in Tahle Vv, that even when the line of posi- 







tion error is small, if the angle of intersection is small 
the possible position error is enormous. For €) << €2 the 


position deviation approaches 1/2 the values given in the 


Table. 
c. Triple Lines of Position 
Most navigators use a third line of position for 
confirmation. If there were no random errors this would 


be redundant. Not only does a measurable error nearly always 


ol 


exist, but the responsibility for safe and precise navigation 
dictates using all available information. In practice, each 
position is fixed with at least three lines of position. 
Typical examples shown in Fig. 3.9 illustrate the areas of 
probability of position. The cross-hatched areas show the 
region of haighemeprobabidaty ofeilecatven. eiineethic aGeeh that 
one line of position 1s unusabie, the remaining regions 
indicated show the regions of iesser probability.:’ These 
regions of lesser probability can be analyzed sie, as 
indicated for double lines of position. 

As seen in Fig. 3.9a, the most compact region 
of highest probability occurs when the lines of position 
form mutual intersecting angies of sixty degrees at a common 
point. Figure 3.9b illustrates that the region of highest 
probability does not always exist. 

The intersection of three lines of position can 
be analyzed mathematicaily although it 1S more involved than 
fer two. fumes. The reader is directed to Ref. #8 for this 
analysis. : 

2. Systematic Errors 
Systematic errors are those which follow some defi- 
nite pattern or law and thus are correlated. In this system 
the phase offset of the Mobile Receiver Oscillator with 
respect to all the transmitters 1S.a constant for any instant 
of time and may be approximated as constant over the short 


measurement cycle. 
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Since this error is correlated, the position error analy- 
Sis iiuceeeeed above is no longer vaiid and new approaches 
are necessary. In this analysis the third line of position 
1S Note redumaanc, ot mMuUSt exist. to calculate the systematic 
error present, and thus determine a fix. Therefore, it will 
be assumed that three transmitters are SEIS locked to one 
reference oscillator, and that the receiver 1S monitoring 
their sequential transmissions. First, the receiver location 
will be considered fixed. With the anaiysis technique clear, 
the additional problem of receiver motion will be discussed. 

a. Receiver Location Fixed 

Suppose that as a result of one or more of the 
factors that affect phase stability, an error, € , 1s 
introduced as an additional phase shift in the receiver. 
eince all of the received signals are identical, the addi- 
tional phase shift will be added to each phase measurement 
and a triangle, P #PR ©E , will result from the intersection 
Ge range arcs Rivree, R> + «, R. t €. * See Fig. 3.10. 

Since the recelver 1S known to be at only one 
point, the navigator may converge the triangle to this point 
by successive yi movenqeall “the arés of Postion an®the saime 
direction with respect to their transmitter until @ pomet 
vs formed. 

The trial and error method of moving arcs can 
be alleviated by ened Pig Sh Bihgiejil wesnen We ik, 5; to 


each original measurement, forming a second triangle, 


1 t { = 
EMpeeee> 4. Connecting points BY and» Ps. to form line 
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Figure 3.10. Systematic Error Correction 
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Lj. and similariy forming line L,, frrom.points P:., and 
‘ a 5 a \ 1 
P.3 provides the two required iines that intersect at the 
convergence point desired. To check the construction, line 
a 
Lig can&pe passed™thwough poYnts Py, Pm, and thewpoime 
of convergence. 


Of course, the perpendicular distance from 


any original arc of position to the point of convergence is 


precisely the error in phase, <« , between the receiver and 
Eranoms teers. 
DO. Receiver in Motion 


Since the receiver does not make range measure- 
ments of all receivers simultaneously, relative motion to- 
wards or away from some transmitters during the measurement 
cycle 1s the general situation. Each line or position must, 

‘therefore, be advanced or retarded to a deSignated fix time. 
«This is done on the basis of rate of change of phase in the 
‘received signal and does not require knowledge or the 
receivers true speed, 

Ss wie senses or Blunders 
Mistakes or blunders can be due to carelessness, 

transposition of figures, incorrect readings; poor plottang, 
etc. Careful checking and working a problem by other methods 
jijamemerect MOst Of these errogss Addrtronally, careful 
planning in the presentation of data 1S essential in elimi- 


nating the true source or most of the commonly made mistakes. 
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IV STS RESULTS 


A. OSCILLATOR STABILITY 

The oscillators provided for the initial development 
of this system were the Sulzer Laboratories Model D-5 
oscillators. These are solid-state units which provide a 
5.0-MHz output with a rated long-term stability of five 
parts in 10'° per day. The crystal is an AT-cut, fifth- 
evertone, contour-ground, plated quartz resonator mounted 
in an evacuated metal bulb. Temperature stability to 
within .01°C is provided by double proportional ovens. 
Several investigations of the stability of these oscillators 
have been made. Most prominent of these tests were the 
shock and vibration tests conducted by Austin reported in 
Ref. ll. As a result of these tests, it gaeuiconeaunea that 
for 10-second intervals after moderate physical shocks the 
drift rate (Af/f) for all three oscillators was less than 
_ame'’. Further, it was concluded that after six menbhs 
of aging the drift rates were satisfactory for evaluation 
of this navigation project. 

A long-term stability measurement was made from 24 Feb- 
ruary 1969 until 16 May 1969. Comparisons were made against 
a Varian Model V-4700 Rubidium Vapor Freguency Standard 
having an advertized long-term stability of 5 x 107’! per 
year (standard deviation). The results of this 82-day test 


period are tabulated in Table V1. 
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Table VI 


Oscillator Stabtircy 


Bipthons from 
Straight Line 1 Cycle 4 Cycles lgG@ycle 
Pea et von | 


At the end of 82 days, the two Sulzers Ser. Nos. 19 and 






25 were:-compared. The error over the interval was less than 
Z ovetes corresponding to a maximum error of 300 meters at 
the comparison frequency of 100 KHz. 

| . After four years of nearly continuous operation, aging 
still causes these oscillators to increase in frequency. 
This increase has stabilized at about 1/10 the advertised 
stability and 1s quite predictable, so does not seriously - 


degrade the navigation accuracy. 


Be @sebntA TOR CONTROL 

Prior to conducting tests with the complete Reflex Con- 
aol Taansuttler, Suizer ser. NO. 29 wasetesteaewaen & 
Digital-to-analog converter over a 3.5-volt range. Very good 
control was observed with input voltages as small as 0.3 
volts. The Pesce Varactor c¥rcurtry ofthe Sulzer Ys 
advertised to provide an output change of 1 x 10°° fora 
Poco 7.0-Vvore dc range, with a sensitivity Ofwlose 10=e 
per volt. This proved to be very adequate for use in the 
Reflex Transmitter and is much superior to manually synchro- 


nizing the oscillators. 


C2 eeCONTROL, TRANSMIT ihe LAB TLL y 
During initial tests of this transmitter, it was noted 
that the input impedance changed as the transmitter was 
turned on. Using the VCO previously designed for the system 
by Thomas, the impedance change was sufficient to "pull" 
the VCO frequency. On a communication receiver, set for CW 
operation, a "Zing" was heard at the commencement of each 
transmission. Since the oscillation voltage was present 
acroSS a varicap diode, as well as the controlling dc volt- 
age, there was a tendency for the VCO to distort its output. 
A new type of VCO and buffer designed to prevent this 


malfunction is shown in schematic form in Fig. 4.1. In the 
TANK RFC f; me >>-* 
V 


, > 


Figure 4.1 


De 


Balanced Voltage-Controlled Oscillator 


new design, two varicaps are placed so that they are in 
Pedic s back-to-back in the oscillator resonant circuit, but 
mreparallel in the de centrol circuit. 

The fixed capacitor, Shown in the circuit, only serves 
to narrow the tuning range of the varicaps and preserve the 
© of the circuit. tin the actual circulie, thevk! senomes 
were replaced by high resistances. In this circuit, the 


effect of the oscillator voltage to reduce the capacitance 
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-of one diode Is offset by®anmtmerease on tm Other = Mats 
has a tendency to balance out any distortion and still 
maintain full control-voltage effect. 

Although this VCO provided equally excellent phase 
stability with some improvement in temperature immunity, a 


small "zing" can still be heard. 


Dy JRPeP REX STRANSMITIER STABLLITY 

Since a good bit of the practicality of this system is 
based on the ability to obtain phase lock of the Reflex 
GScagblatorwstosthe.~Control Oscillator, igowas gratifying EO 
see the excellent tracking that this unit obtained. 

The test consisted of using Sulzer Ser. No. 19 as the 


Control Oscillator with the Control Transmitter working into 


an equivalent 6-ohm load of carbon resistors. Coaxial leads 


were used as the propagation path to the Reflex Receiver. 
The output of the Control Oscillator provided the reference 
to one side of a Relcom Balance Mixer, used here as a phase 
detector. Sulzer Ser. No. 25 was used as the Reflex Oscil- 
lator. The output of the Reflex Transmitter was led to the 
other side of the Relcom. Using a strip chart recorder 
connected to the output of the Relcom, phase resolution of 
less than a degree was readable. With the exception of a 
variable overshoot as the Reflex Transmitter VCO established 
lock with its oscillator, no loss of phase lock was discern- 


ipe. hws test conf#guratnon 1s shown in Pig. 4.2. 
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E. ANTENNA 

Since — system 1s to be operated in an environment 
where portability is important, whip antennas were planned 
for use on both transmitters and receivers. This also 
allows the use of one antenna in the Reflex Receiver/Trans- 
mitter ‘configuration. Tests were conducted uSing a com- 
mercial Marine band (2-3 MHz) whip antenna with an overall 
physical length of 20 feet, including an 18-inch center 
section of inductance for loading. The antenna was mounted 
on a image plane providing an antenna length of 15836 
meters. 

The approximate radius of the near field is then given 
by 

R = §-/\.=' 8.19 meters (4.1) 

Preliminary field strength measurements were taken from 
38 meters which is well into the far field. A radiation 
efficiency of 55% was obtained with the antenna driven by 
a breadboard mock-up of the Control Transmitter. The antenna 


impedance waS measured to be 6- 3620 ohms. 


V. CONCLUSIONS AND RECOMMENDATIONS 


The Control Transmitter developed for this system, as 
shown in block diagram in Fig. 2.1, was constructed on three 
ClBCU1 C Cards «eek igure Bo is an expli@ded view 11lustmeating 
this construction. ° With the excepeilensef the SMad=saqng" 
previously mentioned, this cranemeeee has ape reek £10" 


lessly for several months providing nearly 5.0 watts of RF 


oe 


Picpce al oleae 
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Outpue power toa 6-chm.,load= sine. only femicet seas co 
tuning "zing" has on system operation is that phase compari- 
son must be delayed about 500 ms ee initially receiving 
the signal. Since the VCO is somewhat affected by temper- 
ature variations of several degrees, proper packaging for 
continuous operation should provide some temperature stabi- 
lation and, of course, stand-by power for the selected 
frequency standard. 

The Reflex Receiver and Oscillator Control Card shown 
_ schematically in big. 2.9 régqurred a good Gdealeor tuningwand 
adjustment to obtain the phase-lock stability mentioned in 
titewtast section. The neceiverveireuies necdsseme improves 
ment in sensitivity to be utilized at the 50-mile outer 
range proposed for this system. The lowest usable signal 
seemed to be about 5 uv. Although this receiver lacked 
large ‘dynamic’ range, proper mixing action to achieve a good 
TE 1 could Be obtained by adjusting the 3. 0-MHz local 
oscillator signal amplitude. If the Reflex Transmitter ‘units. 
were relocated. frequently, an AGC circuit should be consid- F' 
ered. eerie the phase-lock pea she tests, the 64.0-MHz 
oscillator providing GeltGen. pulses to the shift register 
could not develop the full 1.0-V trigger level required. 
As a interim measure, the oscillator frequency was lowered 
Gee. ONiMiie at 1.0-V output amd the last flip-flop of ithe 
shift register was shorted. This provided the equivalent 
ambiguity correction for frequency division by two prior to 


phase comparison, but Pewee or a cycle phase resolution 
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Table VII 
Redesigned 64.0 MHz Oscillator 


Components List 





Component Value 
Rl 100 Gm 
R2 620 2 
R3 | BGO: 
R4 7 LOr & 
ei 210.0» pias 
e2 30 
cs iO oE 
C4 Ll OCUrTD Lt 
€5 50 0 Spek 
Li 25 Ue 
L2 ST emEns NO... hoe 


enameled copper wire, 
On sli 2 Binigesdi.a. 

LOAD 1000 & (approx. 
input imped. of IC"s 


used.) 


76 


yielded an unsatisfactory signal for stable oscillator con- 
trol. The redesigned 64 O-MHz oscillator is shown in Fig. 
5.2. The Colpitts connection was selected for this fre- 
quency because it yields vaiues of tank inductance and 
capacitance which are fairly insensitive to transistor 
parameter variations. Note that high stability xs not re- 
#uired in this oscillator to provide nearly constamet 1/64 

of a cycle phase resolution. An exploded view of the Reflex 
Transmitter unit is proveded in Fig. 5.8: 

The Mobile Receiver designed for this system was modified 
with the addition of a preamplifier to increase sensitivity, 
but it has yet to receive a Signal using the antenna pro- 
posed for the system in a mobile configuration. 

The next step necessary in the development of this system 
would seem to be in further improving and completely testing 
this receiver. The major recommendation in this improvement 
is the addition of an electronic phase~-shift network. This 
network would provide the necessary means of correcting the 
receiver reference phase for: initial phase offset between 
the Control Oscillator and the Receiver Oscillator, slow phase 
shifts in the receiver due to linear circuit component changes, 
and linearly increasing phase error due to frequency offset 
between the Control Oscillator and the Receiver Oscillator. 
The success of this network would allow greater latitude 
in the improvement of the preamplifier and amplifier stages 
for necessary signal sensitivity with less concern over 


inherent phase shifts through these circuits. With the 
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correction of phase shifts possible, direct amplification 
and frequency division might prove more satisfactory than 
mixing to obtain the desired IF, phase-comparison frequency. 
The success in the use of integrated circuits in the Reflex 
Receiver and their widespread use throughout the industry 
would suggest that this approach be used in any rebuilding 


of the present Mobile Receiver. 


ie 


Or 


ee 


BIBLIOGRAPHY 


Dean, J. G., An Experimental Investigation of Some 


Aspects Of Prequency Stability Wier menescd Shore. 


Range, Precise Navigation System, M.S. Thesis, 
Naval Postgraduate School, June 1967. 


Thomas, N. M. III, Receiver Design for a SUOr Es Range, 


Precise, Navigation System, M.S. Thesis, Naval 
Postgraduate School, December 1967. 


Stemiserg, Jak. , “Errors and Accuracy of Position, 
LOPS, and Fixes,’ Navigation: Journal of the 
Institute of Navigation, Vol. 10, No. 4, p. 379-394, 
Winter 1963-64. 


International Telephone and Telegraph Corporation, 


‘Reference Data for Radio Engineers, 5th ed., October 
1968. 


Sulzer Laboratories, Division of Tracor, Inc. , Instwae= 
tion Manual for Model D-5 Oscillator, 621 Lofstrand 
Panenemnockyi lic, Md., July 1965. 


Steinbach, D. L., "IC Frequency Dividers: and Counters," 
Parts 1 and 2. Electronics World, p. 32-39, December 
Poem 42—-55, January 1969. 


Bartee, Thomas C., Digital Computer Fundamentals, 2d 
ed., McGraw-Hill, 1966. 


Oliphint, R. E., "Transporting Time," On Frequency, 
v. Ll, No. 4, September 1969. 


HefeemeeackarasCcompany, Measurement - Analysis = 
Computation, p. 637, 1969. 


Palmer, W. (n), Final Engineering Report on Loran B 


Reradiating Structures and Station Siting Criteria, 
USCG Contract Tcg 40789 ITT Laboratories, 500 
Washington Ave., Nutley, N.J., 1961. 


Austin, D. R., An Experimental Investigation of the 
Effects of Position and Mot of Position and Motion on the PEequeney 


Stability of Certain Crysta of Certain Crystal Oscillators, M.S. Thesis, 
Naval Postgraduate School, 1965. 


80’ 


Ae 


eS 


14. 


Ds 


RG: 


Kraus, J. D., Antennas, McGraw-Hill, New York, 1950. 


Davies, K., "Ionospheric Radio Propagation," National 
Bureau of Standards Monograph 80, 1 April 1965. 


McKay, J. De, angel Les-ton,, G. i. Ale inVvesimigiaie Longer 


Factors Which Degrade Phase Accuracy ina VLF 
Navigation System, M.S. Thesis, Naval Postgraduate 
School, December 1966. 


Farmer, D. J., "Selection of a Frequency Standard," 
Om Prequency, v- lj Now i), Jamary (eer. 


Berkowitz, R. S., Modern Radar Analysis, Evaluation, 


and System Design, p. @17-377, walleye iGo 


8 1 


INE TIZLC Dist Rib Peel ST 


No. Copies 


Defense Documentation Center D0 
Cameron Station 
Alexandria, Virginia 22314 


Libwaigya, eeede (02172 2 
Naval Postgraduate School 
Monterey, California 93940 


Commander, Ordnance Systems Command it 
Department of the Navy — 
Washencton, D.C. 203600 


Professor C. E. Menneken 5 
Dean of Research Administration 

Naval Postgraduate School 

Monterey, California 93940 


Lieutenant Peter E. Palm, USN il 
C/OmMinawEhaac. Palm 

1266 West Skiliman 

St. Paul Minnesota 55113 


82 


Security Classification 


DOCUMENT CONTROL DATA-R&D 





(Security classification ol title, body of abstract and indexing annotation must be entered when the overall report is classified) 


. ORIGINATING ACTIVITY (Corporate author) 2a. REFORT SECURITY CLASSIFICATION 
Unclassified 
26. GROUP 









Naval Postgraduate School 
Monterey, California 






; REPORT TITLE 






A Short-Range Precise Navigation System 


4. DESCRIPTIVE NOTES (Type of report and inclusive dates) 


Master's Thesis; Decembe 96 9 


5. AUTHOR(S) (First name, middie initial, last name) 


Peter E. Palm 
Lieutenant, United States Navy 


6. REPORT DATE 7a. TOTAL NO. OF PAGES 76. NO. OF REFS 
Decembe 764 82 16 


8a. CONTRACT OR GRANT NO. 94. ORIGINATOR’S REPORT NUMBER(S) 














- PROJECT NO. 


95. OTHER REPORT NO(S) (Any other numbers that may be assigned 
thie report) 


EE —— ————————<— 


. DISTRIBUTION STATEMENT 


This document has been approved for public release and 
Sale; its distribution is unlimited. 










. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 





Naval Postgraduate School 
Monterey, California 






13. ABSTRACT 


A precise short-range relative navigation system has been proposed 
to provide repeatable position-determining capability of uniform 
accuracy over the entire area of coverage. It is a continuous-wave 
phase comparison system, which derives range information from the 
change in phase between stable oscillators as the distance between 
them is varied. The transmitters and their associated controls were 
designed to implement a prototype system. Considerations necessary 
in the development of the system receiver are discussed based on 


tests conducted on the transmitters. 


DD Jo" 1473 (Pace 1) 


S/N 1- - Security Classificatio 
/N 0101-807-6811 83 ty n yen 


Unclassi 
Security Classification = 


14 LINK A LINK B 
KEY WORDS 


Continuous-wave Phase Comparison, Short- 
Pade over ise Ce Loe 

Navigation System 

Multi-transmitter, Time-multiplexed, 
Frequency-locked System 

Long-term Stability 

Short-temm Stabilary 

Phase Comparison 

Frequency Error 

Random Errors 

Systematic Errors | 

Error Correction 


DD orwl4/3 (BACK ) Unclassified 


S/N 0101-807-6821 Security Classification A-31409 


8 4 

















A short-range precise Navigation system. 


DUDLEY KNOX LIBRARY 


